We recently presented a method for simultaneous estimation of relative biological effectiveness (RBE) of alpha particles and protons. Here, we evaluate RBE for chlorophyll mutation rate and four M 1 effects in thermal neutron exposure of barley (Hordeum vulgare L.) seeds. RBEs of both alpha particles and protons were low for germination rate, seedling height, and number of spikes, and high for seed fertility and mutation rate. Thus, M 1 effects are not necessarily accurate as a proxy for mutation rate in comparisons of different types of radiation. RBE of alpha particles for mutation rate was 130.3, much higher than values so far reported in plant materials. RBE of protons for mutation rate was 106.4; as far as we are aware, this is the first value reported for thermal neutron exposure of plant materials. RBEs of alpha particles and protons were significantly correlated (r = 0.939, P < 0.05).
Introduction
Densely ionizing (high-LET [linear energy transfer]) radiations such as neutrons, alpha particles, protons and heavy ions generally have a greater biological effectiveness than sparsely ionizing (low-LET) radiation such as gamma-rays and X-rays in a variety of materials, including DNA (Goodhead 1999) , Drosophila (Yoshikawa et al. 1999) , mammals (Davis et al. 1970 , Barendsen (1994 , and plants (MacKey 1951 , Bender 1970 , Ukai 1986 , 2006 . The effectiveness of different forms of radiation is compared as relative biological effectiveness (RBE), defined as the ratio of an absorbed dose of radiation to the absorbed dose of reference radiation (250 kVp X-rays or 60 Co gamma-rays) required to produce an equivalent biological effect in a particular organism or tissue.
Early studies by Conger and Giles (1950) showed that 99% of the total energy deposited in plant tissue exposed to thermal neutrons derives from three neutron capture reactions: 10 B(n,α) 7 Li, 14 N(n,p) 14 C, and 1 H(n,γ) 2 H. Among these reactions, the first two are important in radiobiology and mutation breeding, since they emit charged heavy particles with high LET, viz. alpha particles and protons.
Recently, we presented a method for the simultaneous estimation of the RBE of alpha particles and protons (Ukai et al. 2009a (Ukai et al. , 2009b . RBEs were as high as 55.0 and 48.7, respectively, in barley seeds immersed in various concentrations of 10 B-enriched boric acid and re-dried before thermal neutron exposure. Those values were derived from an M 1 trait, seedling height. Seedling height can be measured within a short time, say 2 weeks, after sowing of irradiated seeds, and its reduction has long been used as a convenient index of the magnitude of radiation effects in plants, particularly cereals such as barley and rice. Although reduction in seedling height contributes only in part to the final radiobiological effect e.g. death, studies of the trait have thrown light on the mechanisms of many general phenomena in radiobiology, such as the effects of oxygen (Nilan et al. 1965) , seed moisture content (Myttenaere et al. 1965) , and boron addition (Nakai and Saito 1976) .
However, for the purposes of mutation breeding, the effectiveness of radiation should be evaluated by mutation rate, not by M 1 injury effect, since the aim is to achieve a mutation rate high enough for selection of practical mutants, and the magnitude of an M 1 effect does not always represent the magnitude of the mutation rate. Hence, the estimation of RBE for mutation rate is essential for comparison of the utility of different types of radiation, although scoring of mutants in an M 2 population large enough to give an estimate of mutation rate with good reproducibility is laborious and time-consuming. Earlier studies of RBE of alpha particles in thermal neutron exposure of plants focused mainly on seedling height (Ichikawa 1975) and chromosome aberrations Oosterheert 1966, Moutschen et al. 1968) , and only rarely on mutation rate: Matusmura et al. (1963) and Ikushima (1972) presented RBE values of alpha particles for chlorophyll mutation rate in thermal neutron exposure of seeds of Triticum species, but their results were not conclusive, since they did not analyze the boron content of seeds, but instead calculated it based on the assumptions of uniform distribution of boron atoms inside seeds and free entrance of boron into seeds together with water molecules. We found these assumptions to be invalid (Ukai et al. 2009b) .
The aim here was to evaluate RBE of alpha particles from 10 B(n,α) 7 Li and protons from 14 N(n,p) 14 C for different M 1 effects and chlorophyll mutation rate. RBE of protons for mutation rate in thermal neutron exposure of plant materials has never been reported, as far as we are aware. As M 1 traits, we chose germination rate, number of spikes, seed fertility, and seedling height, because the effects of irradiation on these traits directly influence the amount of seeds available for growing an M 2 population in which mutants are to be screened.
Materials and Methods
A six-rowed hulled barley, Hordeum vulgare L. cv. Chikurin Ibaraki 1, was used as the plant material in all experiments.
Boron enrichment
An aqueous solution of 1600 μg·g −1 10 B-enriched boric acid (H 3 10 BO 3 ) was prepared from boric acid (Eagle-Picher Industries Inc., Miami, OK, USA) in which the boron was composed of 91.746% 10 B and 8.254% 11 B (weight %). Airdried seeds with ca. 10% moisture content were immersed in the solution in a 500-mL glass beaker for 13 h at 20 ± 1°C. Five hundred seeds were used in each boron addition. The seeds were then washed with distilled and deionized water for a few minutes, and the surface water was blotted from the seeds. Seeds were then dried again to about 10% moisture content by exposure to a current of warm (31 ± 2°C), dry air for 16 h. The seeds were kept over a saturated NaClO 3 solution in a desiccator for 1 month, giving them a moisture content of 10.21% w/w. They were then sealed in a small plastic bag to avoid any change of moisture content before and during irradiation.
Thermal neutron and gamma-ray irradiation and dosimetry
We prepared 500 and 1,000 seeds for each neutron dose with or without 10 B-enrichment, respectively. Thermal neutron exposure and dosimetry of neutron flux and contaminating gamma-rays were performed at the Research Reactor of Kyoto University, as described previously (Ukai et al. 2009a) . Thermal neutron exposure was performed twice. In the first exposure, resting seeds and some of the 10 Benriched seeds were exposed. The latter seeds were tested for germination rate and seedling height. The flux of thermal neutrons was 3.15 × 10 9 n cm −2 s −1 , and the dose rate of contaminating gamma-rays was 10.52 Gy·h −1 . The exposed doses were 0, 0.094, 0.189, 0.378, 0.567 and 0.756 (×10 12 n cm −2 ). In the second exposure, the remaining 10 Benriched seeds were exposed for examination of the number of spikes, seed fertility, and mutation rate. The flux of thermal neutrons was 4.03 × 10 9 n cm −2 s −1 , and the dose rate of contaminating gamma-rays was 6.466 Gy·h −1 . The exposed doses were 0, 0.040, 0.081, 0.121, 0.242, and 0.484 (×10 12 n cm −2 ).
For gamma-irradiation, we used a source of 60 Co in the gamma-room of the Institute of Radiation Breeding (National Institute of Agro-biological Resources, Ministry of Agriculture, Forestry and Fisheries), at 98 Gy·h −1 . The exposed doses were 0, 98, 196, 294, 392, 490, and 588 Gy and the numbers of seeds employed for each dose were 1,000, 1,000, 1,000, 2,000, 3,000 and 20,000, respectively.
Since 96% of the absorbed energy in the exposure of 10 Benriched (using 1600 μg·g −1 10 B-enriched boric acid) seeds to thermal neutrons are due to alpha particles from the reaction 10 B(n,α) 7 Li (Ukai et al. 2009b) , we refer for brevity to the exposure of 10 B-enriched seeds as alpha-particles exposure, and the exposure of resting seeds to thermal neutrons as neutron exposure. In the latter seeds, 9.53%, 71.07%, 19.40% of the absorbed energy are due to alpha particles, protons, and gamma-rays emitted from capture reactions 10 B(n,α) 7 Li, 14 N(n,p) 14 C, and 1 H(n,γ) 2 H, respectively.
Measurement of biological effects
Germination rate, seedling height, and number of spikes: We sowed seeds with two replications (each replication consists of 100 seeds ) from each irradiation dose, either in a regular field (after gamma-ray exposure) or in an isolation field (after thermal neutron exposure). We counted seedlings 18 days after sowing and calculated the germination rate. We then measured the seedling height (the length from ground level to the tip of the first leaf) of 20 M 1 seedlings in each replication and calculated the mean seedling height. At flowering time in the following spring, we counted the spikes on each surviving plant.
Seed fertility: At maturity of the M 1 plants, a spike was removed from each of 100 randomly chosen plants per dose, and the fertile and sterile seeds on each spike were counted.
Mutation rate per initial cell: In the next autumn, we grew M 2 lines, each derived from an M 1 spike. The number of seeds sown per line varied from 10 to 36, depending on the seed fertility of the spike. During 20 to 50 days after sowing we scored chlorophyll mutants in the field almost every other day. Mutant frequency was calculated as the number of mutants divided by the total number of plants observed. The mutation rate per initial cell at the time of seed irradiation was then estimated as the mutant frequency × the inverse of the segregation ratio of a mutation (0.25) according to Gaul (1960) : i.e., mutation rate per initial cell = mutant frequency × 4. The cells of the shoot apex in a seed that develop into an inflorescence (spike) are called initial cells.
For each of the M 1 effects, the dose required to give 50% of the value of the non-irradiated control (half reduction dose, D 50 ) was estimated from dose-response curves as previously shown (Ukai et al. 2009a) . The dose required to give a mutation rate per cell of 8% (D 8 ) was similarly estimated.
Results

Mutation rate and mutation spectra of chlorophyll mutation
The frequency of chlorophyll mutants among total M 2 plants observed increased linearly with dose in all radiation treatments. The maximum frequency of mutants was 3.183% by gamma-ray, 5.367% by neutron, and 3.563% by alpha-ray exposure. Mutation rates per cell were estimated by multiplying the frequencies of mutants with the inverse of the expected segregation ratio of mutants (0.25) according to Gaul (1957) and shown in Table 1 .
Chlorophyll mutations included albina, xantha, viridis, alboviridis, tigrina and striata types. Since the phenotypic expression of the chlorophyll mutation types except albina depends on the growing stage of seedlings and the temperature of the screening field, and could not always be classified strictly, the mutants were divided simply into albina and the others. The numbers of albina vs. non-albina mutations were 311 vs. 327 by gamma-rays, 711 vs. 891 by thermal neutrons, and 126 vs. 302 by alpha-radiation. Alpha-ray exposure thus caused less albina mutation than gamma-ray and neutron exposure. Chi-square analysis of a 2 × 3 contingency table revealed that the difference in mutation spectra between alpha-radiation and the other treatments was highly significant (P < 0.01), but that between gamma-rays and neutrons was not.
Efficiency of mutation
The values of the 4 M 1 effects and mutation rate per initial cell at different doses of gamma-ray, neutron, and alpha-ray exposure are presented in Table 2 . The relationships between the value of each M 1 effect and mutation rate are shown in Fig. 1-Fig. 4 . In all of the M 1 effects, an increase in mutation rate was always accompanied by an increase in injurious effects.
However, the relationships differed between the effects. In germination rate ( Fig. 1 ), seedling height (Fig. 2) , and number of spikes (Fig. 3) , the M 1 injurious effect was always higher for gamma-rays than for neutrons at a given mutation rate, whereas in seed fertility (Fig. 4) , there was little or no difference. The relationship in alpha-ray exposure was intermediate between gamma-ray and neutron exposures in germination rate, similar to neutron exposure in seedling height, similar to gamma-irradiation in number of spikes, and close to both of the other radiation treatments in seed fertility.
Boron addition effect (BAE)
From dose-response curves, values of D 50 for M 1 effects or D 8 for mutation rate were estimated for each form of radiation (Table 3) . BAE was expressed as the ratio of D 50 of neutron exposure (D 50n (0) ) to that of alpha-ray exposure (D 50n
(1) ) for M 1 effects, and as the ratio of D 8 of neutron exposure (D 8n (0) ) to that of alpha-ray exposure (D 8n (1) ) for mutation rate:
for mutation rate Except for number of spikes, with a higher BAE value, the biological effects, including mutation rate, showed nearly equivalent BAEs, ranging from 32.8 for seedling height to 38.1 for seed fertility.
Estimation of RBE for alpha particles and protons
As shown previously (Ukai et al. 2009a (Ukai et al. , 2009b , the following relationship holds between the ratio of the D 50 of gamma-rays to that of thermal neutrons on the one hand and 
RBE of alpha particles and protons on the other:
where D 50g is the D 50 in gamma-ray exposure (in Gy); D 50n is the D 50 in thermal neutron exposure (in fluence, n cm −2 ); δ is the dose of contaminating gamma-rays (in Gy per fluence of neutrons); d H , d N , and d B are the neutron energies absorbed by 1 H, 14 N, and 10 B, respectively (in Gy per fluence of neutrons); and e N and e B are the RBE values of protons from 14 N(n,p) 14 C and alpha particles from 10 B(n,α) 7 Li, respectively. The RBEs of 1 H and contaminating gamma-rays were assumed to equal 1. Similar relationship holds between the ratio D 8g /D 8n and RBEs for mutation rate. The value of δ (in Gy per fluence of neutrons) can be obtained by dosimetry: 10.52/(3.15 × 10 9 × 3600) = 0.9277 × 10 −12 in the first exposure; and 6.466/(4.03 × 10 9 × 3600) = 0.4457 × 10 −12 in the second exposure of thermal neutrons. The B contents of the embryos of conventional resting seeds and of seeds soaked in H 3 10 BO 3 and the N and H contents of the embryos of resting seeds were reported previously (Ukai et al. 2009b) . From these contents and the thermal neutron flux applied, the absorbed doses per neutron fluence (d B , d N , and d H of resting seeds and d B of 10 B-enriched seeds) were calculated as shown in Table 2 of Ukai et al. (2009b) . The contents of N and H and hence the absorbed doses (d N and d H ) do not vary during the boron addition treatment.
RBE values for alpha particles (e B ) can be calculated as:
where superscripts (0) and (1) for d B stand for the value for resting seeds and the 10 B-enriched seeds, respectively, and D 50g (0) is the D 50 for a biological effect in gamma-irradiation of resting seeds; D 50g
(1) for gamma-irradiation of 10 Benriched seeds; D 50n (0) for neutron exposure of resting seeds; and D 50n
(1) for neutron exposure of 10 B-enriched seeds. The calculated RBEs for the biological effects are shown in Table 4 . The values were low for germination rate and seedling height, and number of spikes, and high for seed fertility and mutation rate.
Putting the calculated value of e B into Eq. (2) gives the value of (δ + d H + e N d N ) and hence the RBE value of protons (e N ), as shown in the last row of Table 4 . The values were low for germination rate and seedling height, and number of spikes, and high for seed fertility and mutation rate. RBEs of alpha particles and protons were significantly correlated (r = 0.939, P < 0.05).
Discussion
Effectiveness and efficiency of radiation treatments Nilan et al. (1965) defined the effectiveness of radiation as the mutation rate in relation to dose, and the efficiency of radiation as the mutation rate in relation to other biological effects induced, usually a measure of damage. In comparisons Fig. 4 . Mutation rate as a function of seed fertility. Solid, heavyshaded, and light-shaded circles stand for exposure of gamma-rays, neutrons and alpha particles. of the utility of different forms of radiation as mutagens, these two definitions should be taken into account. Thus, effectiveness can be measured as RBE for mutation, and efficiency can be evaluated from the relation of mutation rate to the value of an M 1 injurious effect (Fig. 1-Fig. 4 ). In comparison of efficiency of different radiations, it is important to estimate mutation rate per cell by the frequency of mutants in M 2 multiplied by the inverse of expected segregation ratio of mutants. According to Gaul (1960) , the mutation rate so estimated is independent of the number of plants per M 2 line and the number of initial cells that survived irradiation. On the other hand, the frequency of mutant segregating lines in M 2 , although it is often used, should not be used as an estimate of mutation rate per cell, since it is equal to the latter if and only if the number of plants per M 2 line is infinite and the number of survived initial cells is one i.e. no chimera within M 1 spikes.
In mutation breeding, a mutagenic treatment which gives a high maximum mutation rate is usually recommended. Mutation rate per cell at the time of irradiation of seeds or the frequency of mutants in M 2 increased almost linearly with increasing total dose. However, increasing the dose simultaneously increased the magnitude of undesirable M 1 effects, which restricts the maximum mutation rate attainable. Germination rate, number of spikes per plant, number of flowers per spike, and rate of seed fertility in M 1 jointly determine the amount of seeds available for the next generation (M 2 ), in which mutants are screened. Among these traits, the number of flowers per spike was hardly affected by irradiation (data not shown). So we multiplied the remaining three traits and called the product "index T". A mutagenic treatment with a lower value of T gives smaller number of M 2 seeds. Beyond a certain limit of T, M 2 seeds sufficient for screening of mutants can hardly be obtained. It may be reasonable to consider that a mutation rate at a very low value of index T, for instance, 0.1, shows the maximum mutation rate practically attainable.
When mutation rate was expressed as a function of index T, the mutation rate at a given value, especially a low value, of index T differed between the forms of radiation: highest for neutrons, followed by alpha-radiation, and lowest for gamma-rays (Fig. 5) . This means that the maximum mutation rate attainable is lowest for gamma-rays, intermediate for alpha-radiation, and highest for neutrons. Figure 1 shows that germination rate decreased to as low as 44% of the control at the highest dose employed. In thermal neutron exposure, however, reduction in germination rate was slight even at the highest dose shown (20.4 Gy). In other words, reduction in germination rate is a limiting factor for elevating mutation rate for gamma-ray exposure, but not for thermal neutron exposure. Summarizing the results in Figures 1, 3 , and 4 suggest that in gamma-irradiation, the reduction of germination rate, number of spikes, and seed fertility restricts the maximum mutation rate attainable, whereas in neutron exposure, the decrease of seed fertility is the major factor limiting the maximum mutation rate. In alpha-radiation the reduction of germination rate and the number of spikes determine the maximum mutation rate.
It is laborious and time-consuming to reproducibly determine mutation rates in M 2 after a mutagenic treatment, because the frequency of mutants in M 2 is usually very low and a survey over a large population of M 2 plants is required. Hence, an M 1 biological effect (for instance, on seedling height) has often been used as a convenient criterion representing the magnitude of general radiation effects. However, if the efficiency of radiation for mutation induction differs between forms of radiation, this method loses some of its utility. In fact, the relationship of seedling height to mutation rate varied between gamma-rays, neutrons, and alpharadiation ( Fig. 2) : an increase of mutation rate was accompanied by much more reduction of seedling height by gammarays than by neutrons. This suggests that seedling height results cannot always be used directly, in a quantitative sense, as a proxy for mutation rate in comparisons of the utility of different forms of radiation.
BAE of M 1 effects and mutation rate BAE was very high for all biological effects investigated, ranging from 32.8 for seedling height to 51.1 for number of spikes. Except for number of spikes, BAE values were nearly equivalent among effects, including mutation rate. This result is inconsistent with that of Ecochard and de Nettancourt (1969) , who reported BAEs that were much smaller than ours and that varied with biological effects from1.040 (fruit set) to 1.652 (chlorophyll mutations).
The RBE values of alpha particles and protons for seedling height in the present study (66.8 and 54.7) were a slightly higher than those we reported previously (55.0 and 48.7: Ukai et al. 2009b) . This was mainly due to a slightly higher value of D 50 for gamma-rays in the present experiment, which may comes from variations in physiological conditions of seeds among harvest years.
The BAE for mutation rate was 33.8. In other words, boron addition increased the effectiveness of thermal neutrons (sensu Nilan et al. 1964 ) to 33.8 times. However, the same treatment did not increase the efficiency of thermal neutrons at all. The mutation rate at a given value of an M 1 effect (% of control) by alpha-radiation was equal to or slightly lower than that by neutrons in seedling height and seed fertility ( Fig. 2 and Fig. 4) , and much lower in germination rate and number of spikes ( Fig. 1 and Fig. 3) . Moreover, the maximum mutation rate attainable by alpha-radiation was lower than that provided by neutrons, as described above.
Although 10 B addition of seed gave no advantage in the efficiency of neutron exposure and the maximum mutation rate attainable, it has two merits from the viewpoint of mutation breeding. First, it changes the chlorophyll mutation spectrum. The result is consistent with that of Nakai and Saito (1976) in rice, and suggests the possibility of obtaining mutations which are not obtainable by neutron exposure of non-10 B enriched seeds. Second, the large increase in mutation rate per neuron flux after 10 B addition dramatically decreases the neutron fluence required for exposure of plant materials, and thus the time of occupation in the deuteron facility. For instance, for breeding purposes, a fluence of 1 × 10 13 to 2 × 10 13 n cm −2 is required for exposure of normal barley seeds, which takes 1 to 2 h under a thermal neutron flux of 3 × 10 9 n cm −2 s −1 , whereas only 2 to 4 min was enough for exposure of 10 B-enriched seeds. Shortening of the time required for exposure in turn increases the amount of seeds which can be irradiated in a given time. In addition, shortening of the exposure time decreases the residual activity of the irradiated seeds, which is advantageous for handling and transportation of the irradiated materials after exposure.
RBE of alpha particles and protons
By summarizing results for alpha particles, protons, and carbon ions, Nikjoo et al. (1999) showed that RBE of these particles for induction of double-strand breaks in a mammalian cell system and for mutation induction in Drosophila melanogaster and Escherichia coli was <6, and close to 1 in most cases. Very little information is available on RBE for mutation rate in plants, but values are much higher than these. Matsumura et al. (1963) showed in diploid wheat (Triticum monococcum) that RBE for chlorophyll mutation rate ranged from 27 to 56, depending on the borate concentration used. They excluded the RBE of 56 obtained for 0.1% borax as an extreme case and provisionally claimed that RBE was 29 ± 10. Ikushima (1972) showed that RBEs for mutation rate were 9.18 in T. monococcum, 4.73 in Triticum durum, and 14.8 in Triticum aestivum. However, these results were not conclusive, because the authors did not analyze the B content of the seed embryos, and instead used a value calculated on the assumptions of free entrance of B into seeds and homogeneous distribution of B atoms within seeds. Our recent report showed that these two assumptions are not valid (Ukai et al. 2009b) . In contrast, RBE for mutation rate obtained in the present study was 130.3, much higher than RBEs so far reported in plants.
RBE of alpha particles differed among M 1 effects and mutation rate. Thus, M 1 effects are not necessarily accurate as a proxy for mutation rate in comparisons of different types of radiation. Similar differences among biological effects have been reported by other researchers. In a study of thermal neutron-induced metaphase chromosome aberrations in Nigella damascena, Moutschen et al. (1968) found that RBE of alpha particles was about three times as high for one-hit aberrations as for two-hit aberrations. Ikushima (1972) showed that RBE was 1.41 for seedling height, 3.60 for seed set, and 4.73 to 14.8 for chlorophyll mutation rates in wheat.
The ratio of RBE of alpha particles for mutation rate to RBE for an M 1 effect can be divided into sub-components. Combining Eqs. (1) and (3) gives:
where R stands for an M 1 effect and 0 and 1 stand for the resting seeds and the 10 B-enriched seeds, respectively. As reported previously (Ukai et al. 2009b) , the sensitivity to gamma-rays does not change with boron addition of 1600 μg·g −1 , and hence it can be assumed that D 50g
(R0) and D 50g (R1) . Therefore:
A similar equation holds for mutation rate:
where M represents mutation rate, and D 8g (M) and D 8n
dose which gives 8% of mutation rate per cell in gamma-ray and neutron exposure on resting seeds. Because the BAE (R) and BAE (M) are nearly equal and hence (BAE (M) − 1)/ (BAE (R) − 1) ≈ 1 except for the number of spikes, from Eqs. (4a) and (4b), the ratio of RBE of alpha particles for mutation rate to RBE of an M 1 injury is given by:
Thus, the ratio of RBE for mutation rate to that for an M 1 effect can be ascribed to three factors: ratio of
for non-enriched seeds, and ratio of ((BAE (M) − 1) to (BAE (R) − 1). Since BAE did not vary much between mutation rate and M 1 effects (except for number of spikes), the ratio of RBE depends mostly on the first two ratios. Or,
. Larsson and Kihlman (1960) showed that RBE of an external 185 MeV proton beam from a synchrocyclotron for chromosome aberrations was as low as 0.7. Smith et al. (1970) exposed seeds of a genetic stock of maize heterozygous at the yellow green locus, Yg2/yg2, to 28 GeV external proton beam from the Alternating Gradient Synchrotron and found that RBE for the number of yg2 sectors on leaves was 3.5 to 5.2. However, RBE of protons in thermal neutron exposure of plant materials had never previously been evaluated as far as we are aware. RBE of protons for mutation rate was very high (106.4). As did RBE of alpha particles, RBE of protons differed between biological effects, being low for germination rate, seedling height, and number of spikes, and high for seed fertility and mutation rate. RBEs of alpha particles and protons were significantly correlated (r = 0.939, P < 0.05).
Why the RBEs differed between biological criteria is not clear, but it may be related to induced cellular damage. Two major types of cellular events lead ultimately to these M 1 effects: the arrest of cell division (Maity et al. 1994 ) and chromosome aberrations. In the comparison of radiosensitivity of rice cultivars, Ukai (1968) showed that D 50 for the number of dividing cells at the first mitosis after germination of root tip meristem was highly significantly correlated with D 50 for seedling height. On the other hand, Ekberg (1969) reported that most seed sterility induced by gamma-ray and neutron exposure derived from chromosome aberrations, particularly translocations and inversions. The reductions in germination rate, seedling height, and number of spikes (which had lower values of RBE) are all related to the arrest of cell division during and after germination in the shoot meristem, whereas seed sterility and mutation (which had higher values of RBE) are caused by damage to heritable elements, gross damage to chromosomes versus alterations in DNA sequences, respectively. Ishida et al. (2006) reported that RBE of fast neutrons was dose-dependent in mouse. RBE of neutrons for the induction of neuronal apoptosis in the dose range of 0.5 to 1.5 Gy was about 3, but within the lower dose range of 0.02 to 0.1 Gy was 9.8. We compared the effectiveness of the different forms of radiation for mutation rate at the 8% point. When doses giving mutation rates of 2%, 4%, and 12% were estimated from dose-response curves and used in the calculation of RBE, RBE of alpha particles was 175.3, 127.0, and 135.1, and RBE of protons was 120.6, 107.8, and 104.7, respectively. These values are near the values obtained at the 8% mutation rate. The fluctuations in RBE values with the cut-off mutation rate were relatively small, though at the lowest rate of mutation (2%), RBEs of both alpha particles and protons were a little larger than those at the higher rates of mutation. Yoshikawa et al. (1998) showed in a study of the RBE-LET relationship in Drosophila that mwh wing hair mutations showed a strong dependence on LET of carbon ions, yet the w i eye-color revertant mutation showed no dependency on LET. The chlorophyll mutation rates we recorded here are totals of mutations at a large number of loci relating to chlorophyll formation. Further studies are needed to see whether RBEs of alpha particles and protons differs between chlorophyll mutation and other mutations, especially useful ones.
RBE of alpha-particles and protons may differ depending on the biological materials, treatment method, and energy of particles emitted from the source. High RBE values of alpha particles and protons obtained here are confined to the internal exposure of initial cells of seed to alpha particles and protons that were emitted from neutron capture reaction of 10 B and 14 N, respectively.
Alpha particles emitted from capture reaction of 10 B has low energy (2.4 MeV) and a very short path of about 13.5 μm in tissues (Conger and Giles 1950) . Hence, unlike gamma-rays and X-rays, external exposure of seeds and plants to alpha-particles is not practically effective. Moreover, such short path length leads to the uneven radiation effects on DNA and chromosomes within cells, if the distribution of the boron elements in cells is localized (Ukai et al. 2009b) . Alpha particles with a slightly higher energy (5 MeV) are emitted from radionucleids such as Am-241, plutonium-238 and plutonium-239. Cultured cells are externally irradiated with these types of alpha particles in human cells (Raju and Jett 1974 , Barnhart and Cox 1979 , Purrot et al. 1980 and Chinese hamster cells (Hall et al. 1984) . However, such an experiment has not been attempted for mutation breeding in plants, since regeneration of a sufficiently large number of M 1 plants from irradiated cultured cells is very difficult.
Protons emitted from capture reaction of 14 N also have a low energy (0.63 MeV) and a path length of 10 μm. Unlike alpha particles, external exposure of plant materials to protons of high energy has been performed since early days of radiation biology research in plants, as described above. However, external proton exposure as a mutagen in mutation breeding has not so far been reported, although it has been extensively utilized in radiation therapy (Suit and Urie 1992) .
